Alport syndrome, an important inherited cause of end-stage renal disease, has long been considered an untreatable disorder. That view is changing as a result of treatment studies in experimental animals and human populations. This review describes current management of Alport kidney disease, which is based on early diagnosis and institution of therapy with antagonists of the renin-angiotensin-aldosterone system.
Introduction
The last three decades of the 20th century comprised a very fertile period for research on Alport syndrome. Milestone achievements during this period included identification of type IV collagen genes as the loci of mutations in patients with Alport syndrome and correlation of biochemical changes in basement membranes with the structural and symptomatic features of the Alport phenotype. More recently, an equally important development has been erosion of the longstanding view of Alport syndrome as an untreatable kidney disease.
For generations, nephrologists accepted that patients with Alport syndrome would inexorably progress to end-stage renal disease, with dialysis and renal transplantation as their only therapeutic options. The beginning of the end of this conventional wisdom can be traced to two factors, ie, the accrual of experimental and clinical data supporting the efficacy of inhibition of the renin-angiotensin-aldosterone system (RAAS) in slowing progression of chronic kidney diseases to end-stage renal disease and the establishment and exploitation of animal models of Alport syndrome enabling studies of therapeutic interventions, including RAAS inhibition. The results of these experiments have provided direction for clinical studies that have generated data suggesting that early treatment with RAAS inhibitors delays end-stage renal disease in patients with Alport syndrome. In addition, by demonstrating that the Alport nephropathy is not immutable, these promising initial steps have generated enthusiasm for pursuing even more successful treatments.
Biochemistry and genetics
Type IV collagen is the major structural constituent of basement membranes. Each of the six type IV collagen α chains, (α1[IV]-α6[IV]), is encoded by a specific gene (COL4A1-COL4A6). The type IV collagen genes are arranged in pairs on three About 80% of people with Alport syndrome have X-linked disease due to mutations in the COL4A5 gene. Approximately 15% have autosomal-recessive disease due to mutations in both alleles of either COL4A3 or COL4A4. While rare families have autosomal-dominant Alport syndrome resulting from a single COL4A3 or COL4A4 mutation, heterozygous mutations in COL4A3 or COL4A4 typically are asymptomatic or cause thin basement membrane nephropathy, a disorder that is genetically related to Alport syndrome but usually has a benign outcome. A detailed discussion of the genetics of Alport syndrome and thin basement membrane nephropathy can be found on genereviews.org and in a recent review. 1 Type IV collagen α chains associate into trimers that combine with each other to form open networks; these networks interact with laminin, nidogen, and heparan sulfate proteoglycans to form basement membranes. Mammalian tissues express three type IV collagen networks that differ on the basis of the composition of the trimers that comprise the networks. A network composed entirely of αl(IV) and α2(IV) chains is found in varying amounts in all basement membranes. A network consisting solely of α3(IV), α4(IV), and α5(IV) chains is present in substantial amounts in glomerular basement membranes, some renal tubular basement membranes, and basement membranes of the cochlea and eye. A third network made up of α5(IV) and α6(IV) chains is present in the skin basement membrane and some renal tubular basement membranes.
The effect of most mutations in COL4A3, COL4A4, or COL4A5 is to prevent or impair deposition of the α3α4α5(IV) network into basement membranes. This network is not required for ontogeny of the kidney, cochlea or eye; consequently, these organs are structurally and functionally normal at birth in people with Alport syndrome. The α3α4α5(IV) network appears to be critical for maintaining the integrity of the mature basement membranes in which it resides, perhaps ameliorating the cumulative biomechanical stresses resulting from pulsatile blood flow (glomeruli), organ of Corti displacement by sound waves (cochlea), and changes in curvature of the lens with accommodation (eye).
Clinical aspects
The Alport nephropathy progresses through a predictable series of stages that are defined by simple laboratory tests ( Table 1 ; a similar staging system was recently described 2 ). All patients with progressive Alport syndrome (see Table 2 ) proceed through these stages, although the onset and duration of each stage vary according to genotype. Among males with X-linked Alport syndrome, those with deletion and nonsense mutations progress through these stages relatively rapidly, while those with missense mutations often progress at a slower pace. 3 In females with X-linked Alport syndrome, the pattern of X inactivation appears to have a greater impact on rate of progression than the mutation genotype. 4 Stage 1 of the Alport nephropathy begins at birth and consists of persistent microscopic hematuria; some patients have intermittent to nearly continuous gross hematuria, and others, especially females with X-linked disease, have intermittent microscopic hematuria. In Stage 1, the urine dipstick is negative for any other abnormalities. The duration of stage 1 is a few years to a few decades, depending on gender and genotype. Stage 1 is associated with predominantly thin and presumably fragile glomerular basement membranes.
The transition from stage 1 to stage 2 occurs with the onset of microalbuminuria, arbitrarily defined as a microalbumin-creatinine ratio greater than 30 mg/g. The urine dipstick typically remains negative for albumin until the microalbumin-creatinine ratio increases to about 200 mg/g creatinine. Once there is overt proteinuria, defined as a urine dipstick reading for protein of 1+ or greater or a urine protein-creatinine ratio greater than 0.2 mg/mg, the patient has moved into stage 3. The histological correlates of stages 2 and 3 include thickening and lamellation of glomerular basement membranes associated with effacement of visceral epithelial cell (podocyte) foot processes.
Glomerular filtration rate begins to decline in stage 4. Glomerular filtration rate, as estimated by creatinine clearance, is inversely correlated with cortical interstitial volume fraction, a measure of fibrosis of the renal interstitium. 5 Creatinine clearance is maintained in the normal range until cortical interstitial fibrosis increases above the upper limit of the normal range, suggesting that suppression of renal interstitial fibrosis will protect kidney function in Alport patients. In boys with Alport syndrome, cortical interstitial volume fraction is usually normal through the first 10 years of life but then begins to increase. 5 Therefore, intervention to suppress interstitial fibrosis may have the greatest impact if initiated during childhood.
Overall, about 50% of males with X-linked Alport syndrome reach stage 5 end-stage renal disease by age 25 years, 90% by age 40 years, and nearly 100% by age 60 years. 3 The timing of stage 5 in men with X-linked Alport syndrome is heavily influenced by COL4A5 genotype (Table 3) . Those with more severe genotypes may derive the greatest benefit from effective early intervention. Approximately 30% of females with X-linked Alport syndrome reach end-stage renal disease by age 80 years. 4 Sensorineural deafness is a significant problem for many children and adolescents with Alport syndrome, especially but not exclusively affected boys. In boys, high-frequency hearing loss is often detectable on audiometry by age 6-7 years. Hearing loss gradually spreads into the frequency range of conversational speech, leading to a need for amplification by late childhood or early adolescence in many affected boys. Fortunately, speech discrimination is usually well preserved and the hearing deficit reaches a plateau at which amplification is still effective. Consequently, Alport patients with hearing loss achieve good outcomes with hearing aids.
Unfortunately, some children with Alport syndrome and hearing loss are not identified until they fail screening examinations or show poor school performance. Adolescents may fear being stigmatized by use of hearing aids, and may resist wearing them. The cost of hearing aids may stress family finances or may be beyond the family's means.
Several specific ocular anomalies can occur in patients with Alport syndrome, particularly males, including anterior lenticonus, a peripheral and perimacular retinopathy, and rarely, posterior polymorphous dystrophy. These anomalies rarely result in disturbance of visual acuity during childhood and adolescence. Some patients with anterior lenticonus develop refractive errors in late adolescence or adulthood; cataract removal is necessary in some adult patients.
Diagnosis
Early and accurate diagnosis is a prerequisite for early intervention in Alport syndrome. The diagnostic approach in children with hematuria is based on careful evaluation of clinical features and family history, supplemented by tissue biopsy and molecular genetic analysis, as discussed in recent reviews. 1, 6 Availability of diagnostic methods varies geographically; at present a single algorithm is not feasible.
Alport syndrome should be considered in any child with persistent hematuria. A family history of hematuria, with or without renal failure, should increase suspicion of Alport syndrome. However, absence of such family history does not exclude the diagnosis, since about 10% of children with Alport syndrome have de novo mutations, and family history of renal failure is typically negative in children with submit your manuscript | www.dovepress.com
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Long-term management of Alport syndrome in pediatric patients autosomal recessive Alport syndrome. Hematuria is present in Alport syndrome long before hearing loss and ocular abnormalities are detectable. Therefore, while the presence of characteristic sensorineural deafness or ocular changes in a child with hematuria increases suspicion for Alport syndrome, normal hearing and eye examinations do not serve to rule out Alport syndrome.
A suspected diagnosis of Alport syndrome can be confirmed by biopsy of the kidney or skin. Complete evaluation of kidney biopsy material requires light, immunofluorescence, and electron microscopy. Diagnosis of Alport syndrome is made on the basis of pathognomonic changes in glomerular basement membrane ultrastructure and abnormalities of renal basement membrane expression of type IV collagen chains. 7 The X-linked form of Alport syndrome can also be diagnosed by immunostaining of skin biopsy specimens for type IV collagen.
Clinicians in many but not all parts of the world now have access to molecular genetic testing for diagnosis of Alport syndrome through commercial laboratories or laboratories associated with medical institutions. Such testing offers high rates of diagnostic accuracy, particularly for X-linked Alport syndrome. Insurance coverage for genetic testing varies widely, so that the availability of testing does not ensure accessibility.
Management
Current clinical practice recommendations for delaying endstage renal disease in patients with Alport syndrome focus on early introduction of RAAS inhibitors to suppress urinary protein excretion. 8 The focus on RAAS inhibition is based on experimental and clinical evidence as well as practical considerations as follows. Angiotensin-converting enzyme (ACE) inhibition lengthens survival in mice with autosomal recessive Alport syndrome and in dogs with X-linked Alport syndrome. 9, 10 When ACE inhibition in Alport mice is begun before the onset of proteinuria the duration of survival is doubled, a therapeutic result that thus far has not been exceeded by any other intervention. ACE inhibition started after the onset of proteinuria also improves survival in Alport mice, to a lesser but still significant degree. The effect of ramipril on survival was superior to that of candesartan in a head-to-head comparison. 11 Analysis of retrospective data collected by the European Alport Registry indicates that ACE inhibitor therapy initiated while glomerular filtration rate is still normal delays end-stage renal disease by years. 12, 13 This effect has also been shown in pairs of affected brothers discordant for ACE inhibitor therapy. 12 ACE inhibition, angiotensin receptor blockade, and aldosterone inhibition have been shown to reduce proteinuria in children with Alport syndrome, in both uncontrolled and controlled studies. [14] [15] [16] [17] The effect of losartan on proteinuria was greater than the effect of amlodipine. 17 As shown in Effect of Strict Blood Pressure Control and ACE Inhibition on the Progression of CRF in Pediatric Patients, ACE inhibitors can be used safely in children with chronic kidney disease at doses that achieve suppression of urinary protein excretion. 18, 19 RAAS antagonists, especially ACE inhibitors, are relatively inexpensive and widely available. In theory, any child with Alport syndrome anywhere in the world should be able to receive treatment with an ACE inhibitor. This cannot be said for certain other treatments, for example, stem cell therapy that have shown promise in murine Alport syndrome, [20] [21] [22] [23] [24] or for novel proprietary agents.
At the present time, our ability to assess the effect of angiotensin inhibition (or any other therapy) on progression of Alport nephropathy in individual patients is limited. Because microalbuminuria and proteinuria precede the onset of declining glomerular filtration rate by years, the effect of early intervention cannot be measured by assessing glomerular filtration rate. Reduction in albuminuria and proteinuria is an encouraging result, but not necessarily definitive. It has yet to be established that reduction in proteinuria in patients with Alport syndrome is predictive of delay in onset of end-stage renal disease; it is possible that angiotensin blockade exerts a protective effect even in the absence of reduction in proteinuria. A randomized placebo-controlled trial of ramipril therapy in Alport patients with stage 1 and stage 2 disease is underway in Europe (see NCT01485978, clinicaltrials.gov).
In males with Alport syndrome, glomerular filtration rate is inversely correlated with interstitial fibrosis. 5 Biomarkers of renal interstitial fibrosis may be useful in monitoring the efficacy of angiotensin blockade or any other intervention. A search for useful biomarkers in patients with Alport syndrome is underway in several laboratories (see NCT01705132, clinicaltrials.gov).
What does the future hold?
While the ultimate goal of treatment for Alport syndrome, ie, a cure achieved by correction of the genetic defect, is still a distant hope, innovative therapeutic approaches that may augment or replace current treatment can be anticipated in the relatively near future. Several recent developments will facilitate trials of novel therapies. First, patient advocacy groups have been formed to educate and connect Alport 
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